Agent Orange was the most common herbicide used in the Second Indochina War in the course of military operations in the former South Vietnam. Agent Orange is contaminated by the carcinogen 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) in mean concentrations of 2 mg/kg. After much dispute of a causal association between exposure to herbicides containing TCDD and occurrence of soft-tissue sarcoma and non-Hodgkin lymphoma, two simultaneous case-control studies were (1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974)(1975), nearly 10% of the territory used by the U.S. Air Force for destruction of former South Vietnam was sprayed with of rice and crops and defoliation of vegetaphenoxy herbicides, 34% of these areas tion (2). The most widespread chemical more than once. The most extensively used was Agent Orange, which constituted about 60% of the volume of herbicides sprayed from airplanes. A further 6 million liters of herbicides was applied in smallscale spraying operations (from helicopters, riverboats, trucks, or backpacks) (3).
Background affected region was around Ho Chi Minh
Agent Orange City (formerly Saigon) (1) . Approximately During the Second Indochina War 72 million liters of these chemicals were (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) , nearly 10% of the territory used by the U.S. Air Force for destruction of former South Vietnam was sprayed with of rice and crops and defoliation of vegetaphenoxy herbicides, 34% of these areas tion (2) . The most widespread chemical more than once. The most extensively used was Agent Orange, which constituted about 60% of the volume of herbicides sprayed from airplanes. A further 6 million liters of herbicides was applied in smallscale spraying operations (from helicopters, riverboats, trucks, or backpacks) (3) .
Phenoxy herbicides are derivatives (salts or esters) of phenoxyacetic acid. Agent Orange is a 1:1 mixture of n-butyl esters of 2,4,5-trichlorophenoxyacetic acid (2,4,5,-T) and 2,4-dichlorophenoxyacetic acid (2,4-D) (2) . Both 2,4-D and 2,4,5-T are structurally similar to indole acetic acid, a natural plant hormone (auxin), and have similar courses of action (4) . Their mixture has a more efficient herbicide effect than either chemical alone (5) .
2,4,5-T is commonly contaminated by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), one of the most toxic manmade chemicals. TCDD is produced during synthesis of 2,4,5,-T (4). The degree of contamination is dependent on the temperature and pressure of the reaction (6) . Although synthesis of 2,4-D does not produce TCDD (7), commercially manufactured 2,4-D might become contaminated if it is manufactured in the same production facilities as 2,4,5-T. The mean concentration of TCDD in Agent Orange was 2 mg/kg (2 ppm); individual lot concentrations ranged from 0.05 to about 30 mg/kg (8) . Thus, an estimated total of approximately 230 kg of TCDD was deposited in South Vietnam. Toxicity and Carcinogenicity TCDD is a chlorinated aromatic compound that is chemically stable, insoluble in water and highly soluble in fats and oils, and that resists biologic degradation (9) . Other higher chlorinated congeners are usually also present as contaminants. Their toxicity varies quantitatively, but not qualitatively; TCDD is the most toxic. The toxic equivalents of the congeners are expressed relative to the toxicity of TCDD (for which the toxic equivalent is set arbitrarily at 1.0), and are inversely related to the degree of chlorination (10) .
Knowledge of dioxin pharmacokinetics and the factors inducing variations in dioxin metabolism in humans is still insufficient. Phenoxy herbicides are absorbed mainly via the digestive system in humans (11) . However, TCDD is incompletely absorbed (12) . The liver and fat are major repositories of TCDD in humans (13) . The phenoxyacetic acids do not undergo notable transformation prior to renal excretion in mammals. Almost all of the 2,4-D is excreted, the principal route being urine; in humans excretion may continue over several days. Similar patterns have been noted for 2,4,5,-T, although the elimination and tissue distribution of both 2,4-D and 2,4,5-T are dose dependent (12 (18) (19) (20) (21) (22) (23) . In these case-control studies, a significantly increased risk was associated with occupational exposure to phenoxy herbicides (farmers or manufacturers) for both cancer types. These findings prompted further case-control studies in New Zealand (24) (25) (26) , Italy (27) , the United States (28) (29) (30) (31) , Australia (32) , and Sweden (33) . A slightly increased relative risk of soft-tissue sarcomas was observed in most of these studies for subjects exposed to herbicides (24, 27, 32) although the odds ratios were nonsignificant. A similarly weak association was observed in the studies of malignant lymphomas.
The associations were also examined in several large cohort studies of occupationally (34) (35) (36) Finally, use of other cancer controls may be particularly useful in reducing interviewer bias or recall bias by subjects (40, 41) . Control groups should include individuals with conditions whose occurrence is unrelated to the determinant under study (42) . This was the reason for exclusion of certain cancers possibly related to Environmental Health Perspectives * Vol 106, Supplement 2 * April 1998 dioxin. It is important that such exclusions do not bias the control group in the opposite direction so the remaining cancers are less likely to be exposed to dioxin than the general population, even as a consequence of confounding (43) . We have no particular reason to believe that this will be so, and the use of a mixture of cancer types in the control group should minimize such bias. The more obvious confounders of an association between dioxin and cancer (for example, occupation) will in any event be examined in the analysis.
The recent IARC evaluation (17) suggests that TCDD has an overall carcinogenic effect on all cancers combined. If this is indeed so, the comparison between soft-tissue sarcoma and non-Hodgkin lymphoma cases and other cancers will in fact also measure any additional risk specific to these two cancer types.
Exposure Assessment
Self-Reports. In a direct interview, information is requested on demographic and anthropometric variables, detailed occupational history, previous diseases and use of medications, lifestyle and dietary factors, exposure to ionizing radiation, and history of occupational or domestic exposure to chemicals. The subjects are asked to recall the frequency and amounts of chemicals used, their purpose (herbicides, fungicides, or insecticides), and their brand names.
Particularly extensive data are collected on the lifetime residence history of the subjects. Each subject reports the names of all towns or villages lived in from birth until the date of recruitment. The place of residence includes name of province, district, subdistrict, and village. The starting and ending dates of residence in each location are also recorded. The knowledge of the detailed residence history is used for calculation of an exposure index for each subject, as described below. In addition, the questionnaire asks about the subject's personal experience of herbicides sprayed from airplanes during the war in each place of residence. Results of spraying as experienced by the subjects are also recorded.
Questions on military service during the war are also asked, including the period, branch, rank, and location ofservice.
Exposure Index. The exposure index proposed by Stellman and Stellman (44) Index El represents a summation of all exposures occurring on all occasions when the dates of the residence of a subject coincided with the dates of missions to a particular locale, calculated from the initial concentration of the herbicides, weighted by a reciprocal of the distance of the place of residence from the spraying track. The distance was actually calculated as a continuous variable from the established coordinates of the leg's vertices as recorded on HERBS tape rather than from center points or average locations of a spray track.
In New York index E2 was calculated by cumulating the total amount of exposure resulting from all spraying missions that had occurred in the particular place of residence before or during the individual subject's time of residence, taking into account the initial concentration and the environmental decay of TCDD. The exposure derived from residual herbicides remaining in the place of residence since previous spraying missions was therefore also considered. The half-life of dioxin in the soil was assumed to be 1 year. All exposures are cumulated over all reported places of residence to produce index E2.
In Hanoi, calculation of index E2 takes into account the initial concentration of the herbicides sprayed and the biologic fate of dioxin in adipose tissue from the beginning of exposure until sampling (when the subject was recruited). The biologic halflife is assumed to be 6 years. All (16) . IfTCDD caused an increase in total cancers or of a common cancer (lung), the expected increase in risk was below the limit of detectability in epidemiologic studies. If, on the other hand, dioxin caused a tumor with incidence comparable to that of soft-tissue sarcomas, the calculated expected increases should be detectable in dioxin-exposed chemical workers and in the Seveso population. The failure of epidemiologic studies to produce convincing evidence of any chronic human effects from dioxin probably results from the relatively low exposures experienced by humans. There is no reason to allude to differential sensitivities between test animals and humans (53) .
Although it is of primary importance, the exposure assessment is the weakest aspect of epidemiologic studies to evaluate the relationship between exposure to herbicides and occurrence of cancer. Precise information on the intensity and duration of individual exposure is usually missing.
Rather, surrogate measures are used as an approximation of exposure. Several methods of exposure assessment are used but no method is entirely satisfactory in its own right.
Self-Reports. Self-reports from questionnaires may be affected by misdassification due to difficulties of accurate recall of past exposures and consequently to loss of statistical power. Other dangers include possible confusion of herbicides with other products such as malathion (and reporting false-positive exposure), denial of exposure because the subject was exposed unknowingly (false-negative reports), or recall bias (44, 45 (34, (54) (55) (56) .
Like other exposure estimation strategies for retrospective studies, all of these strategies may be valid; however, they vary in precision and in the degree to which they contribute to assessing a particular exposure-disease association.
The Stelman and Stelman Exposure Index
The method of Stellman and Stellman seemed the most feasible for setting our two case-control studies. The necessary information is the residence history and information recorded on the HERBS tape. Including the report of the location rather than a recall of exposure per se is likely to reduce the recall bias. In addition, this index was tested on 478 U.S. military veterans (44) . No direct validation of the estimates was possible, but the indices appeared consistent with other measures or proxies of exposure. A modification of the Stellman and Stellman index was also used in the study of evaluation of the risk of gestational trophoblastic disease (57) .
The Stellman and Stellman indices have been developed expressly for the purpose of assigning probabilities of exposure to herbicides in epidemiologic studies of large numbers of veterans and are not claimed to represent actual exposures perfectly (44) . As with all indirect exposure measures, some deficiencies must be considered for correct interpretation of potential associations.
First, the information used for calculation of the indices is not perfect; the potential misclassification and other fallacies of Environmental Health Perspectives m Vol 106, Supplement 2 * April 1998 self-reports are transferred into the index. Approximate coordinates were used when a village could not be located on the map. The starting and ending dates of residence in a particular location are given with precision only to a year. The distance from the spraying mission is calculated with respect to the start or end rather than the center of a leg. Different authors' estimations of the swath width of the aerial spray vary from 80 m to 20 km per aircraft (1, 58) . On the HERBS tape the assumed swath width was 80 m. The coordinates for each leg represented the middle of the mission, which usually consisted of three aircraft, but as many as 12 to 16 were used for some missions.
Similarly, meteorologic conditions are important for the spray dispersion, but they are not controlled for in calculation of the index. Although most of the missions were flown early in the morning to avoid spray drift, this drift could not be avoided entirely. Another situation is also not considered -a plane flying against a hill would produce a different spread of herbicides than one flying parallel with a hill or yet another flying over flat areas.
Further, no account is taken of actual movements of the setders around their place of residence. In rural areas, Vietnamese villages are often divided into several hamlets between which the distance may vary from a few hundred meters to a few kilometers; village inhabitants and farmers usually move about within a radius of a few kilometers of their villages. Short-term temporary places of residence also are not recorded.
A constant Agent Orange concentration was assumed for all missions, which might be so in the majority of cases because the ratio of gallon to area was nearly constant; however, it might have produced slightly different estimates in almost 20% of cases (44) .
In the literature, the half-life of dioxin in the environment was estimated to range from 9 years (95% CI 6-17) (59) to 10 to 12 years (60). In the Stellman and Stellman index (44) it was assumed to be 1 year, based on several environmental studies (61) (62) (63) . The function describing dioxin persistence in soil was an exponential function (44 Dioxin measurement usually suffers from a lack of accuracy when levels are < 100 ng/kg (ppt). Errors range from 20 to 50% (68, 69) . Dioxin measurements probably do not perfectly reflect the amounts actually absorbed because human dioxin metabolism is subject to individual variations and changes over time (14) .
Adjusted for the background TCDD levels, the median half-life of TCDD in humans was estimated to be 7.1 years (95% CI 5.8-9.6 years) based on measurements of 36 veterans (70) . Other authors estimated biologic half-life of dioxin at 6 years (71, 72) . An These investigations show that the halflife is not stable and that it depends on individual metabolism, time since exposure, age, race, body mass index, and region of residence (14) . Kang and colleagues (52) showed that the year sampling was done accounts for much of the variability in dioxin levels. Half-life increased with increasing amount of body fat (35% body fat = 20 years; 15% body fat = 7 years) (54) .
Variations in TCDD half-life estimates are likely to result from changes in weight and percent body fat that typically occur with aging. When body fat content increases with age, it is possible that a small or moderate intake of dioxin may no longer be detectable by using current serum TCDD level as a biomarker (75) . It has also been suggested that disease may affect serum TCDD levels (reverse causality) (76, 77) . Also, background levels appear to be lognormally distributed and to increase with age (78) .
Although serum TCDD measures are useful in epidemiologic studies, they should not be taken as a gold standard of exposure level for individuals (in particular because of poorly understood variations in TCDD metabolism among individuals). However, group differences in serum TCDD levels probably indicate a difference in TCDD exposure between groups, although it is unknown how fast this difference may disappear with the passage of time between exposure and measurement.
According to the protocol of our two studies, a validation of exposure indices is envisaged against the measurements of tissue TCDD levels. In a pilot study, 27 Vietnamese subjects were examined to determine if there was an association Environmental Health Perspectives * Vol 106, Supplement 2 * April 1998 between the environmental exposure assessed from the personal history of residence and the HERBS tape and dioxin levels measured in the subjects' adipose tissue (45). The geometric mean dioxin level found was 7.8 ng/kg (ppt) on a lipid basis; dioxin and furan congener profiles were similar to those already reported in industrialized countries. Levels in three samples were below the detection limit. The Pearson correlation coefficient between the dioxin levels and the exposure index of 0.36 was not statistically significant (p= 0.07), but when the correlation analysis was restricted to 22 subjects who had a positive exposure index, the correlation coefficient rose to 0.50 (p= 0.02). This correlation was observed exclusively for TCDD isomer (45) . Some of the described imperfections of the Stellman and Stellman index may explain why dioxin was detected in biologic material of the subjects who had a 0 exposure index; notably, intake of contaminated food by subjects in unsprayed areas.
In the final phase of these two case-control studies, special attention will be devoted to certain issues. First, careful verification of calculation of the exposure index will continue and the algorithm of calculation of the exposure index may be further developed. The relationship between the exposure index and the selfreport will be clarified. Second, the entire database will be analyzed and the risk of exposure to Agent Orange for soft-tissue sarcomas and non-Hodgkin lymphoma will be quantified with respect to other covariates. Third, the exposure index will be validated by direct measurement of dioxin contamination in the human tissues collected from the recruited subjects and the association with the disease outcome will be evaluated.
Conclusion
Although quantitative measures of exposure are highly desirable, it may still be valid to use approximate measures of exposure or even surrogate data such as the amount of time spent in a military occupation or in a location in which the toxin was likely to have been used. Thus a biomarker, especially one gathered years after the exposure, is not necessarily better than measures based on spraying records. Group differences in serum TCDD levels can be useful in confirming that exposure measures reflect true differences in exposure.
On the other hand, quantitative assessment of exposure was not attempted in the majority of studies conducted to date on the topic. A combination of several sources of exposure assessment in these two case-control studies may ultimately provide quantitative risk determination of TCDD exposure.
